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1
METHOD OF ADJUSTING DROP VOLUME

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/608,674, filed Mar. 9, 2012,
entitled “Method for Altering Drop Size in a Continuous

Inkjet Printer” by Robert Link et al, which 1s incorporated
herein by reference 1n 1ts entirety.

FIELD OF THE INVENTION

This invention relates generally to the field of digitally
controlled printing devices, and in particular to continuous
printing systems in which a liquid stream 1s selectively bro-
ken off mto drops having a small volume and drops having a
large volume.

BACKGROUND OF THE INVENTION

Printing systems that deflect drops using a gas flow are
known; see, for example, U.S. Pat. No. 4,068,241, 1ssued to
Yamada, on Jan. 10, 1978. Such printing systems rely on the
ability to generate distinct sizes of drop—a “print drop™ of a
given size, and a “catch drop” of distinctly different size.
Differential deflection of the drops of different sizes 1is
employed to cause print drops to impinge on the substrate and
the catch drops to be collected and re-circulated through the
ink delivery system.

In thermally stimulated continuous inkjet printing (see, for
example Jeanmaire et al. U.S. Patent Application Publication
No. 20020085071 Al and Chwalek et al, In U.S. Pat. No.
6,079,821), periodic heat pulses are applied to mndividual
heaters embedded 1n a nozzle array. The periodic heat pulses
drive capillary break-up of jets formed at each nozzle to
produce an array of drops. The period of the pulse wavelform
determines the ultimate size of drop formed after jet break-up.
Because the jet responds most sensitively to disturbances at a
characteristic frequency t, known as the Rayleigh frequency,
drops are most effectively produced at a fundamental size
corresponding to a volume of fluid given by mr*U/f,, where r
1s the jet radius and U 1s the jet velocity.

In U.S. Pat. No. 6,851,796, which 1ssued on Feb. 8, 2005,
an 1nk drop forming mechanism selectively creates a stream
of ink drops having a plurality of different volumes traveling
along a first path. An air tflow directed across the stream of 1nk
drops 1nteracts with the stream of ink drops. This interaction
deflects smaller drops more than larger drops and thereby
separates ik drops having one volume from ink drops having
other volumes.

As the drop selection mechanism described above depends
on drop size, 1t 1s necessary for large-volume drops to be fully
formed before being exposed to the detlection air flow. Con-
sider, for example, a case where the large-volume drop 1s to
have a volume equal to four small-volume drops. It 1s often
seen during drop formation that the portion of the 1nk stream
that 1s to form the large-volume drop will separate from the
main stream as desired, but will then break apart before coa-
lescing to form the large-volume drop. It 1s necessary for this
coalescence to be complete prior to passing through the drop
deflecting air flow. Otherwise the separate fragments that are
to form the large-volume drop will be deflected by an amount
greater than that of a single large-volume drop. Similarly, the
small-volume drops must not merge in air before having past
the deflection air tlow. If separate small-volume drops merge,
they will be detflected less than desired.
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The distance over which the large-volume drop forms upon
coalescence of 1s fragments 1s known as the drop formation

length (DFL), denoted herein as L 5. The details of the large-
drop wavetorm and the physical properties of the jet deter-
mine the size of L . For the purposes of printing, smaller drop
formation lengths are advantageous, as the drops are then
available for size separation at distances closer to the nozzle
plate, and the distance over which the drops must travel prior
to separation is reduced. Thus a smaller drop formation length
helps reduce the size of the printhead and reduces the risk of
incomplete large drop formation and reduces the risk of unin-
tended merging of small drops.

It has been found that ink coverage levels are excessive
when printing on certain print media, resulting loss of acuity
and discernable gray levels. While the ink coverage level can
be reduced through the use of smaller nozzles or by reducing
the 1k pressure or increasing the frequency of drop forma-
tion, these options have shortcomings. Conversely, on other
substrates the ik coverage levels can be insufficient, result-
ing 1n lack of optical density and voids in the printed regions.
While the 1nk coverage level can be altered through the use of
different nozzles sizes or by adjusting the ink pressure or the
frequency of drop formation, these options can also have
shortcomings. It different nozzle sizes are to be used for
different print media, then 1t would be necessary to produce
and maintain an imventory of a number of distinct printheads
cach having a distinct nozzle size. Reducing the ink pressure
or raising the frequency of drop formation can result 1n reduc-
ing the stimulation perturbation wavelengths toward the Ray-
leigh cutoil limit. As the perturbation wavelengths are
reduced toward the Rayleigh cutoil limit, the drop formation
can become excessively sensitive to small changes 1n 1nk
properties, nozzle size, ik pressure, and stimulation ampli-
tude. Increasing the ink pressure or reducing the frequency,
on the other hand, can increase the formation of satellite
drops, which can reduce printhead rehabaility.

Thus there 1s a need for wavetorms that provide a means to
alter the size of the large drops relative to the small drops. The
present invention addresses these needs.

SUMMARY OF THE INVENTION

The present mvention 1s directed to overcoming one or
more of the problems set forth above. Briefly summarized,
according to one aspect of the invention, the invention resides
in a method for operating a jetting module comprising pro-
viding a jetting module including a nozzle and a drop forming
mechanism; providing a liquid to the jetting module under
pressure sufficient to cause a liquid stream to jet from the
nozzle; providing a small-drop waveform, the small-drop
wavelorm having a starting endpoint and a trailing endpoint,
the time between the starting endpoint and the trailing end-
point being the small-drop period X, the small-drop wave-
form 1ncluding a small drop volume-control pulse, the small-
drop volume-control pulse having a centroid, the centroid of
the small-drop volume-control pulse being at a first defined
time relative to a predefined one of the starting endpoint and
the trailing endpoint of the small-drop wavetform; providing a
large-drop wavetorm, the large-drop waveform having a
starting endpoint and a trailing endpoint, the time between the
starting endpoint and the trailing endpoint being the large-
drop period X,, where X,=N*X_.and N 1s an integer greater
than one, the large-drop wavetform including a large-drop
volume-control pulse, the large-drop volume-control pulse
having centroid; wherein the centroid of the large-drop vol-
ume-control pulse being at a second defined time relative to
the corresponding one of the starting endpoint and the trailing
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endpoint of the large-drop wavetorm, the second defined time
being different from the first defined time; applying to the
drop forming mechanism a sequence of drop formation wave-
forms 1n which a small-drop waveform applied after another
identical small-drop wavetform causes a small drop of volume
Vs to be formed; applying a small-drop wavelorm after a
large-drop wavelorm causes a small drop of volume Vs2 to be
formed, where V., 1s not equal to V; applying a large-drop
wavelorm after another 1dentical large-drop wavetorm causes
a large drop of volume VL to be formed, where V,~N*Vs;
and applying a large-drop wavelorm after a small-drop wave-
form causes a large drop of volume VL2 to be formed, where
V,, 1s not equal to V.

BRIEF DESCRIPTION OF THE DRAWINGS

In the detailed description of the example embodiments of
the ivention presented below, reference 1s made to the
accompanying drawings, 1n which:

FIG. 1 shows a simplified block schematic diagram of an
example embodiment of a printer system made 1n accordance
with the present invention;

FIG. 2 1s a schematic view of an example embodiment of a
continuous printhead made 1 accordance with the present
invention;

FI1G. 3 1s a schematic view of a simplified gas tflow deflec-
tion mechanism of the present invention;

FIG. 4 1s a drop forming device and control circuits asso-
ciated with the nozzle;

FIGS. Sa-c are prior art wavetorms for creating large and
small drops;

FIGS. 6a-d are wavelorms of the present mvention for
creating large and small drops;

FI1G. 7 1s an enlarged view of a portion of FIG. 6c¢;

FIG. 8 1s a wavetorm of the present invention for creating,
large and small drops according to other embodiments of the
present invention;

FIG. 9 1s a wavetorm of the present invention for creating,
large and small drops according to another embodiment of the
present invention; and

FI1G. 10 1s a wavetorm of the present invention for creating
large and small drops according to a final embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present description will be directed 1n particular to
clements forming part of, or cooperating more directly with,
apparatus 1n accordance with the present invention. It 1s to be
understood that elements not specifically shown or described
can take various forms well known to those skilled 1n the art.
In the following description and drawings, identical reference
numerals have been used, where possible, to designate 1den-
tical elements.

The example embodiments of the present invention are
illustrated schematically and not to scale for the sake of
clarity. One of the ordinary skills 1n the art will be able to
readily determine the specific size and interconnections of the
clements of the example embodiments of the present mven-
tion.

As described herein, the example embodiments of the
present mvention provide a printhead or printhead compo-
nents typically used in inkjet printing systems. However,
many other applications are emerging which use inkjet print-
heads to emit liquids (other than inks) that need to be finely
metered and deposited with high spatial precision. As such, as
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described herein, the terms “liquid” and “ink™ refer to any
maternial that can be ejected by the printhead or printhead
components described below.

Referring to FIGS. 1, 2 and 3, example embodiments of a
printing system and a continuous printhead are shown that
include the present invention described below. It 1s contem-
plated that the present invention also finds application in other
types of printheads or jetting modules including, for example,
drop on demand printheads and other types of continuous
printheads.

Referring to FIG. 1, a continuous printing system 20
includes an 1mage source 22 such as a scanner or computer
which provides raster image data, outline 1mage data in the
form of a page description language, or other forms of digital
image data. This image data 1s converted to halif-toned bitmap
image data by an 1mage processing unit 24 which also stores
the 1mage data in memory. A plurality of drop forming
mechanism control circuits 26 read data from the image
memory and apply drop formation waveforms 27, typically a
sequence of time-varying electrical pulses, to a drop forming
mechanism(s) 28 that are associated with one or more nozzles
of a printhead 30. These pulses are applied at an appropriate
time, and to the appropriate nozzle, so that drops formed from
a continuous 1nk jet stream will form spots on a recording
medium 32 1n the appropriate position designated by the data
in the image memory.

Recording medium 32 1s moved relative to printhead 30 by
a recording medium transport system 34, which 1s electroni-
cally controlled by a recording medium transport control
system 36, and which 1n turn 1s controlled by a micro-con-
troller 38. The recording medium transport system 34 shown
in FI1G. 1 1s a schematic only, and many different mechanical
confligurations are possible. For example, a transfer roller
could be used as recording medium transport system 34 to
tacilitate transier of the ink drops to recording medium 32.
Such transier roller technology 1s well known 1n the art. In the
case ol page width printheads, 1t 1s most convenient to move
recording medium 32 past a stationary printhead 30. In the
case of scanning print systems, 1t 1s usually most convenient
to move the printhead 30 along one axis (the sub-scanning
direction) and the recording medium 32 along an orthogonal
ax1s (the main scanning direction) 1n a relative raster motion.

Ink 1s contained 1n an ink reservoir 40 under pressure. In the
non-printing state, continuous ink jet drop streams are unable
to reach recording medium 32 due to an ink catcher 42 that
blocks the stream and which can permit a portion of the ink to
be recycled by an ink recycling umit 44. The ink recycling unit
44 reconditions the 1nk and feeds 1t back to reservoir 40. Such
ink recycling units 44 are well known 1n the art. The 1nk
pressure suitable for optimal operation will depend on a num-
ber of factors, including geometry and thermal properties of
the nozzles and thermal properties of the ink. A constant 1nk
pressure can be achieved by applying pressure to ink reservoir
40 under the control of ik pressure regulator 46. Alterna-
tively, the ink reservoir 40 can be left unpressurized, or even
under a reduced pressure (vacuum), and a pump 1s employed
to deliver 1ink from the ink reservoir 40 under pressure to the
printhead 30. In such an embodiment, the 1nk pressure regu-
lator 46 can 1include an 1nk pump control system. As shown 1n
FIG. 1, catcher 42 1s a type of catcher commonly referred to
as a “knife edge™ catcher.

The 1nk 1s distributed to printhead 30 through an 1nk chan-
nel 47. The ink preferably flows through slots or holes etched
through a silicon substrate of printhead 30 to its front surface,
where a plurality of nozzles and drop forming mechanisms,
for example, heaters, are situated. When printhead 30 1s fab-
ricated from silicon, drop forming mechanism control cir-
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cuits 26 can be integrated with the printhead 30. Printhead 30
also includes a deflection mechanism (not shown in FIG. 1)
which 1s described in more detail below with reference to
FIGS. 2 and 3.

Referring to FIG. 2, a schematic view of continuous liquid 5
printhead 30 1s shown. A jetting module 48 of printhead 30
includes an array or a plurality of nozzles 50 formed 1n a
nozzle plate 49. In FI1G. 2, nozzle plate 49 1s aflixed to jetting,
module 48. However, as shown in FIG. 3, nozzle plate 49 can
be an integral portion of the jetting module 48. 10

Liquid, for example, 1nk, 1s emitted under pressure through
cach nozzle 350 of the array to form filaments of liquid 52. In
FIG. 2, the array or plurality of nozzles 50 extends into and
out of the figure.

Jetting module 48 1s operable to form liqud drops having 15
a first size or volume and liquid drops having a second size or
volume through each nozzle 50. To accomplish this, jetting
module 48 includes a drop stimulation device 28, also com-
monly called a drop forming device, for example, a heater or
a piezoelectric actuator, that, when selectively activated, per- 20
turbs each filament of liquid 52, for example, ink, to induce
portions of each filament to breakoil from the filament and
coalesce to form drops 54, 56.

In FIG. 2, drop forming device 28 1s a heater 51, for
example, an asymmetric heater or a ring heater (either seg- 25
mented or not segmented), located 1n the nozzle plate 49 on
one or both sides of nozzle 50. This type of drop formation 1s
known and has been described 1n, for example, U.S. Pat. No.
6,457,807 B1, 1ssued to Hawkins et al., on Oct. 1, 2002; U.S.
Pat. No. 6,491,362 B1, 1ssued to Jeanmaire, on Dec. 10, 2002; 30
U.S. Pat. No. 6,505,921 B2, 1ssued to Chwalek et al., on Jan.

14, 2003; U.S. Pat. No. 6,554,410 B2, 1ssued to Jeanmaire et
al., on Apr. 29, 2003; U.S. Pat. No. 6,575,566 B1, issued to
Jeanmaireetal.,onJun. 10,2003; U.S. Pat. No. 6,588,888 B2,
1ssued to Jeanmaire et al., on Jul. 8, 2003; U.S. Pat. No. 35
6,793,328 B2, 1ssued to Jeanmaire, on Sep. 21, 2004; U.S.
Pat. No. 6,827,429 B2, 1ssued to Jeanmaire et al., on Dec. 7,
2004 and U.S. Pat. No. 6,851,796 B2, 1ssued to Jeanmaire et
al., on Feb. 8, 2005.

As discussed 1n these references, the volume of the drops 40
tormed by the activation of the drop forming device depends
on the frequency or period of activation of the heater. A high
frequency of activation of the drop forming device results 1n
small-volume drops being formed and a low frequency of
activations results in the formation of large-volume drops. 45
When drop forming activation pulses are applied to the drop
tforming device, the drop forming devices perturb the liquid
stream flowing past the drop forming device. The perturba-
tion travels with the liquid of the liquid stream, to form a point
where the jet pinches off to separate a newly formed drop 50
from the rest of the jet. As the time interval between succes-
stve drop forming activation pulses increases, the length of
the liquid stream between the resultant pinch points increases,
yielding a drop of increased volume. Depending on the time
intervals between activation pulses in this manner, large- 55
volume drops and small-volume drops of any desired volume
ratio can be created, ranging up to 10:1.

Typically, one drop forming device 28 1s associated with
cach nozzle 50 of the nozzle array. A drop forming device 28
can be associated with groups of nozzles 50 or all of nozzles 60
50 of the nozzle array. F1G. 4 1s a plan view of a portion of the
nozzle plate 49 showing the nozzle 50 with an associated drop
formation device 28, according to one embodiment of the
invention. The drop forming device 28 1s a single drop form-
ing transducer that substantially surrounds the nozzle. The 65
drop forming transducer can be one of a heater, piezoelectric
transducer, electrohydrodynamic stimulation device, thermal

6

actuator or any other drop forming transducer. In response to
a drop forming wavetorm supplied to the drop forming trans-
ducer, it acts on one of the nozzles 50, the liquid passing
through the nozzle 50, or the liquid jet flowing from the
nozzle 50 to introduce a perturbation to the liquid jet such that
the perturbation can grow to cause a drop 34, 56 to break off
from the liquid jet. The drop forming transducer substantially
surrounds the nozzle 50 so that as 1t acts on the liquid passing
through the nozzle 50 and 1t doesn’t substantially alter the
directionality of the liquid jet.

When printhead 30 1s 1n operation, drops 54, 56 are typi-
cally created 1n a plurality of sizes or volumes, for example, 1n
the form of large drops 56, a {first size or volume, and small
drops 54, a second size or volume from each of the nozzles 50
in the nozzle array. A drop stream 58 including drops 54, 56
tollows a drop path or trajectory 57.

Printhead 30 also includes a gas tlow deflection mechanism
60 that directs a tlow of gas 62, for example, air, past a portion
of the drop trajectory 57. This portion of the drop trajectory 57
1s called the deflection zone 64. As the flow of gas 62 interacts
with drops 54, 56 in deflection zone 64 1t alters the drop
trajectories. As the drop trajectories pass out of the deflection
zone 64 they are traveling at an angle, called a detlection
angle, relative to the undeflected drop trajectory 57.

Small drops 54 are more affected by the tlow of gas than are
large drops 36 so that the small drop trajectory 66 diverges
from the large drop trajectory 68. That 1s, the detlection angle
tor small drops 54 1s larger than for large drops 56. When the
volume ratio between the large-volume drops 56 and the
small-volume drops 54 1s greater than 2:1, the flow of gas 6
provides suflicient drop deflection and therefore suificient
divergence of the small and large drop trajectories 66, 68 so
that catcher 42 (shown in FIGS. 1 and 3) can be positioned to
intercept one ol the small drop trajectory 66 and the large drop
trajectory 68 so that drops 54, 56 following the drop trajectory
66, 68 arc collected by catcher 42 while drops 54, 56 follow-
ing the other drop trajectory 66, 68 bypass the catcher and
impinge the recording medium 32 (shown 1n FIGS. 1 and 3).

When catcher 42 1s positioned to intercept large drop tra-
jectory 68, small drops 54 are detlected suificiently to avoid
contact with catcher 42 and strike the print media. As the
small drops 54 are printed, this 1s called small drop print
mode. When catcher 42 1s positioned to intercept small drop
trajectory 66, large drops 56 are the drops that print. This 1s
referred to as large drop print mode.

Referring to FI1G. 3, jetting module 48 includes an array or
a plurality of nozzles 50. Liqud, for example, ink, supplied
through channel 47, 1s emitted under pressure through each
nozzle 50 of the array to form filaments of liquid 52. In FIG.
3, the array or plurality of nozzles 50 extends into and out of
the figure.

Drop stimulation device 28, also called a drop forming
device or drop forming mechanism, (shown 1n FIGS. 1 and 2)
associated with jetting module 48 1s selectively actuated to
perturb the filament of liquid 52 to induce portions of the
filament to break ofl from the filament to form drops. The
selective activation of the drop forming device 28 occurs 1n
response to drop formation wavetorms 27 received from a
wavelorm source 98, which 1s a portion of the control circuits
26. The wavelorm source typically creates a sequence of drop
formation waveforms 27 based on the dot pattern to be
printed. Each wavelorm has a starting endpoint and a trailing
endpoint. The time between the starting endpoint of a wave-
form and the trailing endpoint of the waveform is equal to the
period of the wavelorm. In the sequences of wavetorms, the
trailing endpoint of a wavetorm 1s coincident with the starting
endpoint of the subsequent wavetorm; therefore a single ret-
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erence number 130 will be used as reference for both the
starting endpoints and the trailing endpoints throughout the
application. Each waveform has period or time duration. The
sequence of wavelorms from the waveform source consists of
one or more wavelorms for the creation of small drops, called
small-drop wavelforms, and one or more wavelorms for the
creation of large drops, called large-drop waveforms. Each of
the one or more small-drop wavetforms and each of the one or
more large-drop waveforms include a drop forming pulse.
The drop forming pulse of each waveform, when applied to
the drop forming device 28, creates a perturbation of the
filament of liquid 52. The perturbation created by the drop
forming pulse grows becoming a pinch point at which the
liquid filament breaks, separating a liquid drop from the rest
of the filament. The drop forming pulse of a wavelorm con-
trols the break-up point and drop formation boundary
between the drop formed by the wavetform and the drop to be
formed by the next drop forming wavelorm. The time interval
between the drop forming pulses controls the spacing along,
the filament between the pinch points, and thereby controls
the volume of the created drop, the large drop volume control
pulse controls the jet break-up point and drop formation
boundary between the large-drop and 1t’s adjacent small or
large drop The drop forming pulses are also called volume-
control pulses. As discussed i U.S. Pat. No. 7,828,420, a
drop formation wavetform 27 can include one or more addi-
tional pulses 1n addition to the drop forming pulse. These one
or more additional pulses don’t create drop breakoil pinch
points but they can influence the drop formation length and
other characteristics of the drop formation process. A
sequence of drops 1s created 1n the form of large drops and
small drops that travel toward the recording medium 32
according to the supplied sequence of large drop and small-
drop wavelorms.

Positive pressure gas flow structure 61 of gas flow deflec-
tion mechanism 60 1s located on a first side of drop trajectory
57. Positive pressure gas flow structure 61 includes first gas
flow duct 72 that includes a lower wall 74 and an upper wall
76. Gas flow duct 72 directs gas tlow 62 supplied from a
positive pressure source 92 at downward angle 0 of approxi-
mately a 45° relative to liquid filament 52 toward drop deflec-
tion zone 64 (also shown 1n FIG. 2). An optional seal(s) 84
provides an air seal between jetting module 48 and upper wall
76 of gas flow duct 72.

Upper wall 76 of gas tlow duct 72 does not need to extend
to drop detlection zone 64 (as shown in FIG. 2). In FIG. 3,
upper wall 76 ends at a wall 96 of jetting module 48. Wall 96
ol jetting module 48 serves as a portion of upper wall 76
ending at drop detlection zone 64.

Negative pressure gas flow structure 63 of gas flow detlec-
tion mechanism 60 1s located on a second side of drop trajec-
tory 57. Negative pressure gas flow structure 63 includes a
second gas tlow duct 78 located between catcher 42 and an
upper wall 82 that exhausts gas tlow 62 from deflection zone
64. Second duct 78 1s connected to a negative pressure source
94 that 1s used to help remove gas tlowing through second
duct 78. An optional seal(s) 84 provides an air seal between
jetting module 48 and upper wall 82.

As shown 1n FIG. 3, gas flow deflection mechanism 60
includes positive pressure source 92 and negative pressure
source 94. However, depending on the specific application
contemplated, gas flow detlection mechanism 60 can include
only one of positive pressure source 92 and negative pressure
source 94.

Gas supplied by first gas flow duct 72 1s directed into the
drop detlection zone 64, where 1t causes large drops 56 to
tollow large drop trajectory 68 and small drops 54 to follow
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small drop trajectory 66. As shown 1n FIG. 3, small drop
trajectory 66 1s intercepted by a front face 90 of catcher 42.
Small drops 54 contact face 90 and flow down face 90 and 1nto
a liquid return duct 86 located or formed between catcher 42
and a plate 88. Collected liquid 1s either recycled and returned
to 1k reservoir 40 (shown in FIG. 1) for reuse or discarded.
Large drops 56 bypass catcher 42 and travel on to recording
medium 32. Alternatively, catcher 42 can be positioned to
intercept large drop trajectory 68. Large drops 56 contact
catcher 42 and flow 1nto a liquid return duct located or formed
in catcher 42. Collected liquid 1s either recycled for reuse or
discarded. Small drops 54 bypass catcher 42 and travel on to
recording medium 32.

Alternatively, detlection can be accomplished by applying
heat asymmetrically to filament of liquid 32 using an asym-
metric heater 51. When used in this capacity, asymmetric
heater 51 typically operates as the drop forming mechanism
28 1n addition to the deflection mechanism. This type of drop
formation and deflection 1s known having been described 1n,
for example, U.S. Pat. No. 6,079,821, 1ssued to Chwalek et
al., on Jun. 27, 2000.

Deflection can also be accomplished using an electrostatic
deflection mechanism. The electrostatic deflection mecha-
nism can facilitate drop charging and drop detlection using a
single electrode per jet, like the one described 1n U.S. Pat. No.
4,636,808, or through the use of separate drop charging and
drop deflection electrodes. Typically an individual drop
charging electrode 1s associated with each jet, as described 1n
U.S. Pat. No. 4,636,808. Alternative electrostatic deflection
mechanisms use a single drop charging electrode for an array
of nozzles, as described 1n U.S. Pat. No. 7,938,516 or U.S.
Published Application No. 20100033542,

As shown 1n FIG. 3, catcher 42 1s a type of catcher com-
monly referred to as a “Coanda” catcher. However, the “knife
edge” catcher shown in FIG. 1 and the “Coanda™ catcher
shown 1n FIG. 3 are interchangeable and either can be used
usually the selection depending on the application contem-
plated. Alternatively, catcher 42 can be of any suitable design
including, but not limited to, a porous face catcher, a delim-
ited edge catcher, or combinations of any of those described
above.

In typical printheads, the jetting module 48 contains a large
number of nozzles 50, each with an associated drop forming
device 28. Each drop forming device 28 recetves sequences of
drop formation wavetforms 27 from a corresponding wave-
form source 98. The drop formation wavetorms 27 typically
are wavelorms of the voltage applied to the drop forming
device 28. Alternatively the drop formation wavelorms 27 can
be wavetorms of the current applied to the drop forming
device 28. While the drop forming device can be actuated to
form large drops and small drops of any desired volume ratio
up to 10:1, including both integer and non-integer ratios, the
mechanism control circuits 26 containing the waveform
sources 98 for the array of drop forming devices 28 become
unacceptably complex i1 the periods of the one or more large-
drop wavelorms are not all equal to each other. Stmilarly, the
periods of the one or more small-drop wavetforms should also
be equal to each other to avoid 1nacceptable control circuit
complexity. Furthermore to avoid unacceptable complexity
in the control circuits, the period of the large-drop wavetforms
should be equal to the period of the small-drop wavetorms
times an integer N; 2=<N=10. In prior art systems having
arrays ol nozzles and independent drop selection per nozzle,
these limitations on the periods of the large-drop wavelorms
and the small-drop wavelorms have restricted the volume
ratio of large-volume drops to small-volume drops to integer
values.
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The present invention overcomes this limitation of the art
by providing a jetting module 48 including a nozzle 50 and a
drop forming mechanism 28; providing a liquid to the jetting
module 48 under pressure suilicient to cause a liquid stream
to jet from the nozzle 50; providing a small-drop waveform,
the small drop waveform having a starting endpoint and a
trailing endpoint, the small-drop waveform having a small-
drop period X, the small-drop waveform including a small
drop volume-control pulse, the small-drop volume-control
pulse of the small-drop volume-control pulse having cen-
troid, the centroid of the small-drop volume-control pulse
being at a first defined time relative a predefined one of the
starting endpoint and the trailing endpoint of the small-drop
wavelorm; providing a large-drop wavetorm, the large-drop
wavelorm having a starting endpoint and a trailing endpoint,
the large-drop wavetorm having a large-drop period X,,
where X,=N*X_. and N 1s an integer greater than one, the
large-drop wavetorm including a large-drop volume-control
pulse, the large-drop volume-control pulse having centroid;
wherein the centroid of the large-drop volume-control pulse
being at a second defined time relative to the corresponding,
one of the starting endpoint and the trailing endpoint, the
second defined time being different from the first defined
time; applying to the drop forming mechanism a sequence of
drop formation wavetforms in which a small-drop waveform
applied after another identical small-drop waveform causes a
small drop of volume Vs to be formed; applying a small-drop
wavelorm after a large-drop waveform causes a small drop of
volume Vs2 to be formed, where V., 1s not equal to V;
applying a large-drop wavelform after another identical large-
drop waveform causes a large drop of volume VL to be
formed, where V,~N*Vs; and applying a large-drop wave-
form after a small-drop wavelorm causes a large drop of
volume VL2 to be formed, where V,, 1s not equal to V.

To enable the mvention to be better understood, prior art
wavelorms for the formation of large drops 56 and small
drops 34 will first be described, and then waveforms for
several embodiments of the invention will be described.
FIGS. 5A-5C show sequences of prior art wavetorms. FIG.
5A shows a sequence of small-drop wavetorms 100. Each of
the small-drop wavetorms 100 has a period of 1 X .. (The units
of the wavelorm times scale in this and subsequent waveiorm
figures are 1n small-drop periods X..) The individual small-
drop wavetorms 100 each include a drop forming pulse 102,
also called a volume controlling pulse. Each drop-forming
pulse 102 has a leading edge 104, a trailing edge 108 and a
centroid 106. The leading edge 104 of the drop forming pulse
102 15 at the starting endpoint 130 of the small-drop wave-
form 100. As the time from one volume-control pulse 102 to
the next 1s constant, equal to X, the application of this
sequence of wavelorms to the drop forming device 28 causes
a sequence of small drops 34 to be formed; each with the same
volume. The volume of these small drops 54 1s defined to be
Vs.

FIG. 5B shows a sequence of large-drop wavetorms 110.
Each of the large-drop wavetforms 110 includes the drop
forming pulse 102, and has aperiod of X, that 1s equal to 3X..
Each volume-control pulse 112 has a leading edge 114, a
trailing edge 118 and a centroid 116. The leading edge 104 of
the drop forming pulse 102 1s at the starting endpoint 130 of
the large-drop wavetorm 100. The time between successive
drop forming pulses 102 1s X,=3X., three times the time
between the drop forming pulses 102 of FIG. SA. As the time
between successive drop forming pulses 102 1s three times the
time between the drop forming pulses 102 of FIG. 5A, the
distance on the liquud jet between the pinch points created by
the drop forming pulses 102 of the sequence of large-drop
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wavelforms 110 1s three times the distance on the liquid jet
between the pinch points created by the drop forming pulses
102 of the sequence of small-drop wavetorms 100. As a result,
the drops 356 formed by the application of the sequence of
large-drop waveforms 110 have volumes, V,, which are three
times the volume of the drops 54 formed by the application of
the small-drop wavetorms 100; that 1s, V,=3 Vs.

FIG. 5C shows an sequence ol waveforms that includes
both small-drop wavetorms 100 and large-drop wavelorms
110. The small-drop wavetorms 100 are same as the small-
drop wavelorms 100 of FIG. 5A, and the large-drop wave-
forms 110 are the same as that of FIG. 5SB. The wavelorms
100, 110 1n the sequence have been individually labeled a-1.
The drop forming pulses 102, 112 of these wavelorms 100,
110 each have their leading edges at the starting endpoint 130
of the waveform 100, 110. The large drops wavelorms 110,
labeled b, 1, h, and 1, each have periods X ,=3X ., while small-
drop wavelorms 100, labeled a, ¢, d, e, and g, each have
periods of X.. The time interval between the drop forming
pulse 112 of wavetorm b and the drop forming pulse 102, 112
of the following waveform, wavetform c, 1s equal to X, ; this 1s
three times the time interval between the drop forming pulse
102 of wavetorm a and the drop forming pulse 112 of wave-
form b. As a result, wavetorm b produces a large drop 56
having a volume V; which 1s three times the volume Vs of the
small drop 54 produced by waveform a. In a similar manner,
wavelorms 1, h, and 1 produce large drops 56 having volumes
V, that are three times the volume Vs of the small drops 54
produced by wavelorms c, d, e, and g.

FIG. 6 shows sequences of wavelorms according to an
embodiment of the mvention. FIG. 6A shows a sequence of
small-drop wavetorms 100. In this embodiment, small-drop
wavelorms 100 are unchanged from those of the prior art
shown 1n FIG. 5A. The small-drop waveforms 100 have the
same period Xs and same duty cycle as those of FIG. 5A.
Furthermore the leading edge 104 of the drop forming pulse
102 1s located at the start or starting endpoint, of each small-
drop wavelorm 100 as was the case in FIG. 5A. The small
drops created by the sequence of small-drop wavetorms 100
in FIG. 6A will therefore have the same volume as small
drops 54 produced by the small-drop waveforms 100 of FIG.
5A; the small drop volume will be Vs.

FIG. 6B shows a sequence of large-drop wavetorms 120.
These large-drop wavetorms 120 have the same period X, as
the large-drop wavetorms 110 of FIG. 5B. The duty cycle and
amplitude of the drop forming pulses 122 are also unchanged
from that of FIG. 5B. Each drop-forming pulse 122 has a
leading edge 124, a trailing edge 128 and a centroid 126. The
large-drop wavetorms 120 differ from the large-drop wave-
forms 110 of FIG. 3B. The drop forming pulse 122 has been
shifted, delayed within the large-drop wavetorm 120 so that
the leading edge 124 of the drop forming pulse 122 1s no
longer at the starting endpoint 130 of the large-drop wave-
form 120. The center or centroid 126 of the drop forming
pulse 122 of the large-drop wavetform 120 has been delayed or
shifted relative to the start, or starting endpoint 130, of the
large-drop wavetorm 120 when compared to the centroid 106
ol the drop forming pulse 102 of small-drop wavetorm 100 of
FIG. 6 A. As each of the drop forming pulses 120 has been
delay by the same amount relative to the starting endpoint 130
of the associated large-drop wavetorm 120, the time nterval
between the drop forming pulses 122 1s equal to the period X,
of the large-drop wavelorm 120. As a result, the volume of the
large drops created by the application of this sequence of
large-drop wavetorms 120 1s equal to the volume of the large
drops created by the application of the large-drop wavetorms
110 of FI1G. 5B; the volume of the large drops produced by the
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sequence of large drops wavelorm 120 of FIG. 6B 1s equal to
V, which 1s equal to 3 times the volume V  of the small drops
produced by the sequence of small-drop waveforms 100 of
FIG. 6A.

FIG. 6C shows an alternating sequence of small-drop
wavelorms 100 and large-drop wavetorms 120; the small-
drop wavetorms 100 being of the type shown in FIG. 6 A and
the large-drop wavetorms 120 being of the type shown in FIG.
6B. See also FIG. 7, which 1s a close up view of a single
small-drop wavetorm 100 and single large-drop waveiform
120 from the sequence in F1G. 6C. The small-drop wavetorms
100 each have the leading edge 104 of the drop forming pulse
102 at the starting endpoint 130 of the small-drop wavetorm
100. The centroid 106 of the drop forming pulse 102 1s at a
first predetermined time T, relative to the starting endpoint
130 of the small-drop waveform 100. The location or timing
of the drop forming pulse 122 within the large-drop waveiform
120 has been shiited, delayed so that the leading edge 124 of
the drop forming pulse 122 is not at the starting endpoint of
the large-drop wavetorm 120. Due to this shifting of the drop
formmg pulse 122 timing, the centroid 126 of the drop form-
ing pulse 122 of the large-drop wavetorm 120 1s at a second
predetermined time T, relative to the starting endpoint 130 of
the large-drop wavetorm 120; the second predetermined time
being different from the first predetermined time. The time
interval T between the centroid 106 of the drop forming
pulse 102 of the small-drop wavetform 100 and the centroid
126 of the drop forming pulse 122 of the following large-drop
wavetform 120 1s not equal to the small-drop period X, but
rather 1s larger than that by an amount equal to T,-T,. As a
result of this increased time between these drop forming
pulses 102, 122, the small drop that 1s created has a volume
V., that 1s larger than volume V . of the small drop created by
consecutive small-drop pulses 1n FIG. 6 A. On the other hand,
the time interval T, between the centroid 126 of the drop
forming pulse 122 of the large-drop waveform 120 and the
centroid 106 of the drop forming pulse 102 of the following
small-drop wavetorm 100 is less than X, by an amount equal
to T,-T,. The large drop that 1s produced has a volume V,,
that 1s less than the volume V, of large drops produced by
consecutive large drops waveforms 120 as in FIG. 6B. By
varying the amount by which the timing of the volume-con-
trol pulse of the large-drop wavetorm 120 1s shifted, which
varies the difference T,-T,, the volume difference between
V., andV, and the volume difference between V., and V .can
be varied.

FIG. 6D shows a sequence of wavelorms that both small-
drop wavetforms 100 and large-drop wavelorms 120. The
individual wavetorms 100, 120 have been labeled a-i to aid in
the description. The small-drop wavetorms 100 each have the
leading edge 104 of the drop forming pulse 102 at the starting
endpoint 130 of the small-drop wavetform 100. The centroid
106 of the drop forming pulse 102 is at a first predetermined
time T, relative to the starting endpoint 130 of the small-drop
wavetform 100. The location or timing of the drop forming
pulse 122 within the large-drop waveform 120 has been
shifted, delayed, so that the leading edge 124 of the drop
forming pulse 122 1s not at the starting endpoint 130 of the
large-drop wavetorm 120. Due to this shifting of the drop
forming pulse 122 timing, the centroid 126 of the drop form-
ing pulse 122 of the large-drop wavetorm 120 1s at a second
predetermined time T, relative to the starting endpoint 130 of
the large-drop waveform 120; the second predetermined time
being different from the first predetermined time. Just like the
small-drop wavetforms 100 of FIG. 6C were followed imme-
diately thereafter by a large-drop waveform 120, the small-
drop wavetorms 100 labeled a, e, and g are each are followed
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immediately thereaiter by a large-drop waveform 120. The
time 1nterval between the centroid 106 of the drop forming
pulse 102 of the small-drop wavetorm 100 for each of these
small-drop waveiorms 100, a, e, and g, and the centroid 126
of the drop forming pulse 122 of the following large-drop
wavetorm 120 1s not equal to the small-drop period X, but
rather 1s larger than that by an amount equal to T,-T,. As a
result, the volume of the small drop that 1s created 1s not equal
to V. but rather 1s equal to V,; where V>V .. Just as the
large-drop wavelorms 120 of FIG. 6C were followed imme-
diately thereafter by a small-drop wavetorm 100, the large-
drop wavetorms 120 b, 1, and 1 are followed immediately
thereatter by small-drop waveforms 100 ¢, g, and j. The time
interval between the centroid 126 of the drop forming pulse
122 of alarge-drop wavetorm 120 for each of these large-drop
wavelforms 120, b, 1, and 1, and the centroid 106 of the drop
forming pulse 102 of the following small-drop wavetform 100
1s less than X, by an amount equal to T,-T,. The large drop
that 1s produced has a volume V, ,, like those produced by the
large-drop waveforms 120 1 FIG. 6C. This volume 1s less
than volume V, of large drops produced by consecutive large
drops wavetorms 120 as in FIG. 6B. Small-drop wavetform
10056 immediately precedes small-drop wavetorm 1004, and
small-drop waveform 100 immediately precedes small-drop
wavelorm 100e. The time 1nterval between the drop forming
pulse 102 of small-drop wavetorm 100¢ and the drop forming
pulse 102 of small-drop wavetorm 1004 1s equal to the X, as
1s the time between the drop forming pulse 102 of small-drop
wavelorm 1004 and the drop forming pulse 102 of small-drop
wavelorm 100e. As this time interval equals that between the
drop forming pulses 102 of the small-drop wavetorms 100 1n
FIG. 6A, the volume of the drops created by these time
intervals between drop forming pulses 102 1s equal to V..
Large-drop wavelform 120 /2 immediately precedes large-
drop wavetiorm 1. The time interval between the drop forming
pulses 122 of these two large-drop wavetorms 120 1s equal to
X,, where X,=3X_.. The resulting drop therefore as a volume
VL, where V 3V

For this embodlmentj delaying the drop forming pulse 122
within the large-drop waveform 120 caused the centroid 126
of the drop forming pulse 122 to be at a time interval T,
relative to the starting endpoint 130 of the large-drop wave-
form 120. This time 1interval 1s different from the time interval
T, between the centroid 106 of the drop forming pulse 102 of
t_le small-drop wavetform 100 and the starting endpoint 130 of
the small-drop wavetorm 100. When consecutive small-drop
wavelorms 100 are applied to the drop forming mechanism
28, a small drop of volume V. 1s formed. When consecutive
large-drop waveforms 120 are applied to the drop forming
mechanism 28, a large drop of volume VL 1s formed, where
V,=3V.. Applying a large-drop waveform 120 immediately
after a small-drop waveform 100 causes a small drop to be
formed having a volume V,, which 1s different from V..
Applying a small-drop wavetorm 100 immediately after a
large-drop wavelorm 120 produces a large drop having a
volume V, ,, which 1s ditferent from V, . In this embodiment,
the volume V ., 1s larger than V ., and the volume V, , 1s less
than V.

In the embodiment described above, the timing of the drop
forming pulse 122 of the large-drop wavetform 120 was
shifted so that the leading edge of the drop forming pulse 122
was not at the starting endpoint 130 of the large-drop wave-
form 120, while the leading edge of the drop forming pulse
102 of the small-drop wavetorm 100 was at the starting end-
point 130 of the small-drop waveform 100. As described
above, this reduced the volume of a large drop created by a
large-drop wavetorm 120 followed by a small-drop wave-
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form 100; V,,<V,, and increased the volume of a small drop
created by a small-drop wavetorm 100 followed by a large-
drop wavelorm 120; V.,>V.. In an alternate embodiment
shown in FIG. 8, the drop forming pulse 142 of the small-drop
wavelform 140 1s delayed instead of the drop forming pulse
152 of the large-drop wavetorm 150. The leading edge 144 of
the drop forming pulse 142 of the small-drop wavetform 140
1s not at the starting endpoint 130 of the small-drop waveform
140, but the leading edge 154 of the drop forming pulse 152
of the large-drop wavetorm 150 1s at the starting endpoint 130
ol the large-drop wavetorm 150. The centroid 146 of the drop
forming pulse 142 of the small-drop wavetorm 140 1s at a first
time interval T, relative to the starting edge 130 of the small-
drop wavetorm 140. The centroid 156 of the drop forming
pulse 152 of the large-drop waveform 150 1s at a second time
interval T, relative to the starting edge 130 of the large-drop
wavelform 150. The second time 1nterval T, 1s different from
the first time 1nterval T,. In this embodiment, the first time
interval T, 1s greater than the second time 1nterval T,. When
consecutive small-drop wavelorms 140 are applied to the
drop forming mechanism 28, a small drop of volume V¢ 1s
formed. When consecutive large-drop waveforms 1350 are
applied to the drop forming mechanism 28 a large drop of
volume V; 1s formed, where V,=3V.. When a large-drop
wavelorm 150 1s applied immediately after a small-drop
wavelform 140, the time mterval T ¢ between the centroid 146
of the drop forming pulse 142 of the small-drop wavelorm
140 and the centroid 156 of the drop forming pulse 152 of the
tollowing large-drop wavetorm 150 1s not equal to the small-
drop period X ; T.<X.. As a result, the small drop that 1s
formed has a volume V ,, which 1s different from V.. Simi-
larly applying a small-drop wavetform 140 immediately after
a large-drop wavetorm 150 produces a large drop having a
volume V., which 1s different from V. In this embodiment,
the volume V, 1s smaller than V, and the volume V,, 1s
greater than V.

In the embodiments of the invention described above, the
leading edge of drop forming pulse or volume-control pulse
of erther the small-drop wavetform or the large-drop wave-
form was at the starting endpoint of the wavetform, while the
volume-control pulse of the other of the small-drop waveform
or the large-drop wavetorm was delayed so that the leading
edge of the delaved volume-control pulse was not at the
starting endpoint of the corresponding wavetorm. The cen-
troid of the drop forming pulse of the small-drop wavetorm 1s
at a first time interval T, relative to the starting edge of the
small-drop wavelorm. The centroid of the drop forming pulse
of the large-drop wavelorm 1s at a second time interval T,
relative to the starting edge of the large-drop wavetform. The
second time interval T, 1s different from the first time interval
T,. FIG. 9 shows another embodiment, 1n which the trailing
edge 168 or 178 of the volume-control pulse of either the
small-drop wavetorm 160 or the large-drop wavetorm 170,
respectively, was at the trailing endpoint 130 of the waveform
160, 170, while the drop forming pulse 162, 172 of the other
of the small-drop wavetorm 160 or the large-drop wavelorm
170 was advanced so that the trailing edge 168, 178 of the
advanced drop forming pulse 162, 172 was not at the trailing
endpoint 130 of the corresponding wavetorm 160, 170. In this
embodiment, the centroid 166 of the drop forming pulse 162
of the small-drop waveform 160 1s at a first time 1nterval T,
measured relative to the trailing endpoint 130 rather than the
starting endpoint 130 of the small-drop wavetorm 160. In this
example, the trailing endpoint 1s 1n the predetermined end-
point. The centroid 176 of the drop forming pulse 172 of the
large-drop wavetorm 170 1s at a second time interval T,
relative to the trailing endpoint 130 of the large-drop wave-
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form 170. The second time interval T, 1s different from, larger
than, the first time interval T, . In this embodiment, the timing
of the drop-forming pulse 172 of the large-drop wavetform
170 and of drop-forming pulse 162 of the small-drop wave-
form 160 are both measured from the trailing point 130 of the
respective wavelorms. The trailing endpoint 130 of the small-
drop wavelorm 160 1n this embodiment serves as a predefined
endpoint from which to measure the timing of the pulse. The
timing of the pulse of the large-drop wavetorm 170 1s mea-
sured from the corresponding endpoint 130 to the predefined
endpoint 130 of the small-drop wavetorm 160, 1n that the
timing of the drop-forming pulse 172 of the large-drop wave-
form 170 1s also measured from the trailing endpoint 130. If
the predefined endpoint of the small-drop waveform 160 1s
the trailing endpoint 130 of the small-drop waveiorm 160 the
corresponding endpoint of the large-drop wavetform 170 1s
also the trailing endpoint 130 of the large-drop wavetform
170. On the other hand, as was done 1n the embodiment of
FIG. 8, where the predefined endpoint 130 of the small-drop
wavelorm 140 from which to time the drop-forming pulse
142 of the small-drop wavetorm 140 1s the starting endpoint
ol the small-drop wavetorm 140, then the corresponding end-
point of the large-drop wavetorm 150 1s the starting endpoint
of the large-drop wavetorm 1350 relative to which the timing
of the drop-forming pulse 152 of the large-drop wavetorm
150 1s measured. Returning to the embodiment of FIG. 9, the
trailing endpoint 130 of the large drop wavetorm 170 corre-
sponds to the trailing endpoint 130 of the small drop wave-
form 160. When a large-drop wavetorm 170 1s applied imme-
diately after a small-drop waveform 160 as in large-drop
wavetorm 17056, the time interval T, between the centroid 166
of the drop forming pulse 162 of the small-drop wavetform
160 and the centroid 176 of the drop forming pulse 172 of the
tollowing large-drop wavetorm 170 1s not equal to the small-
drop period X, . As a result, the large drop that formed has a
volume V., which 1s different from V. Similarly applying a
small-drop wavetform 160 immediately after a large-drop
wavetorm 170 produces a small drop having a volume V.,
this 1s different from V .. In this embodiment, the volume V .,
1s greater than V, and the volume V,, 1s less than V, . This
embodiment like the previous ones enables drops to be cre-
ated with drop volumes V., V., V,, and V,,, where

V,=3*V ., V., 1s different from V ., and V, , 1s different from
V;.

FIG. 10 shows another embodiment of the mvention. This
embodiment has a set of wavetorms in which the small-drop
wavelorm 180 or the large-drop wavetorm 190 have the lead-
ing edges 184 and 194 and the trailing edges 188 and 198 of
the drop-forming pulses 182 and 192, respectively are located
away {rom both the starting endpoint and the trailing endpoint
of the corresponding waveform 180, 190. In this embodi-
ment, the centroid 186 of the drop forming pulse 182 of the
small-drop wavetorm 180 is at a first time interval T, relative
to the one of the endpoints of the small-drop wavetorm 180
and the centroid 186 of the drop forming pulse 192 of the
large-drop wavetorm 190 1s at a second time interval T,
relative to the corresponding endpoint of the large-drop wave-
form 190; and where the second time interval T, 1s different
from the first time 1nterval T,. When a large-drop wavetform
190 1s applied immediately after a small-drop waveform 180
as 1n large-drop wavetorm 190 b, the time interval T, between
the centroid 186 of the drop forming pulse 182 of the small-
drop wavelorm 180 and the centroid 196 of the drop forming
pulse 192 of the following large-drop wavelorm 190 1s not
equal to the small-drop period X, . As a result, the large drop
that formed has a volume V,,, which 1s different from V.
Similarly, applying a small-drop wavetform 180 immediately
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after a large-drop wavetorm 190, as in small-drop wavelorm
180 ¢, produces a small drop having a volume V .,, which 1s
different from V.. In this embodiment, the volume V., 1s
greater than V., and the volume V,, 1s less than V. This
embodiment like the previous ones enables drops to be cre-
ated with drop volumes V. V.,, V,, and V,,, where
V,=3*V, V., 1s different from V, and V, , 1s diflerent from
V.

In each of these embodiments, varying the amount by
which the timing of the drop-forming pulse of the small-drop
wavelorm and/or of the large-drop wavetorm 1s shifted varies
the ditference T,-T ,, the volume difference between V, , and
V., and the volume difference between V., and V. can be
varied. By approprate selection of the timing of the drop-
forming pulses, the volume difference between the small drop
Vo, and small drop volume V., IV .,—V J| can be selected to be
greater than of 0.03*V , or greater than 0.05*V (, or greater
than and 0.1*V .. It tends not to be practical to adjust the
drop-forming pulse timings to produce a volume difference
between the small drop V ., and small drop volume V, IV ., —
Vdl, of greater than 0.3*V .

The embodiments described above have a large-drop
wavelorm with aperiod o1 X, which 1s equal to three times the
period X of the small-drop wavetorm. When consecutive
large-drop waveforms are applied, the resulting large drop
has a volume V,=3*V .. The mnvention 1s not limited to a
factor of three in waveform periods between the large-drop
wavelorms and the small-drop waveforms. In general, the
ratio between the large-drop wavetorm period and the small-
drop wavelorm period can be any integer value. The ratio 1n
the periods will be denoted by N. In the more generalized
form, the consecutive small-drop waveforms produce small
drops of volume V., and consecutive large-drop waveforms
produce large drops of volume V,, where V,=N*V .. Apply-
ing a large-drop wavetorm immediately after a small-drop
wavelorm causes a small drop to be formed having a volume
V o, which 1s different from V .. Applying a small-drop wave-
form immediately after a large-drop wavetorm produces a
large drop having a volume V, ,, which 1s different from V, .

U.S. Pat. No. 8,087,740 discloses that drop formation
pulses can be composed of a packet of sub-pulses. This 1s
eifective when the time between the sub-pulses 1s less than the
response time of the drop forming device, for example when
the time between the sub-pulses 1s less than the thermal
response time of heater used as a drop forming device. In such
cases, the packet of sub-pulses acts on the liquid jet as a single
pulse having a leading edge corresponding to the leading edge
of the first sub-pulse in the packet and a trailing edge corre-
sponding to the trailing edge of the last sub-pulse 1n the
packet. The centroid of the drop-forming pulse in such cases
corresponds to the centroid of the integrated packet of the
sub-pulses rather than to centroid of one of the sub-pulses.

The present invention permits the drop volume of the large
drops and the small drops to be adjusted. In some embodi-
ments, a plurality of sets of small-drop wavetforms and large-
drop wavelorms are defined, each set of defined waveiforms
producing different print drop volumes. In one embodiment,
one of the sets of small-drop wavelorms and large-drop wave-
forms 1s selected and employed for printing based at least 1n
part on the desired print drop volume. On another embodi-
ment the flow rate of ik through the printhead nozzles 1s
measured. Based at least 1n part on the measured tlow rate a
set of wavelorms 1s selected for use in the printhead from the
plurality of defined sets of small-drop wavelorms and large-
drop waveforms. In some embodiments, the selected set of
wavelorms 1s stored in the printhead. In other embodiments,
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the plurality of defined sets of small-drop waveforms and
large-drop waveforms, are stored 1n memory of the printing
system controller.

In another embodiment, the invention 1s used to reduce
coverage variations across the printhead nozzle array pro-
duced by variations 1s nozzle geometry. From the plurality of
defined sets of wavelorms, one set of small-drop waveforms
and large-drop wavetorms 1s used to create drops from a first
portion of the nozzle array, and a second set of small-drop
wavelorms and large-drop wavelorms 1s used to create drops
from a second portion of the nozzle array.

It has been found that the invention, by altering the volume
of the print drop, alters the momentum of the print drop. As a
result of the change in momentum of the print drop the deflec-
tion of the print drop by the drop deflection mechanism can be
altered. As a result the impact location of the print drop on the
print media can be altered. By approprate use of the drop
volume altering wavetorms, fine adjustments can be made to
the width of character strokes for improved image quality
purposes. In some embodiments of the invention, the set of
wavelorms used for printing can include a small drop wave-
form and a first large-drop wavetorm and a second large-drop
wavelorm. The second large-drop waveform has a period
equal to the period of the first large-drop wavelorm, the
second large-drop wavetorm including a large-drop forming
pulse, wherein the wavetorm of the second large-drop wave-
form 1s distinct from the wavetform of the first large-drop
wavelorm. In certain embodiments, the centroid 186 of the
drop forming pulse of the small-drop waveiform 1s at a first
time 1nterval T, relative to the one of the endpoints of the
small-drop waveform and the centroid 186 of the drop form-
ing pulse of the first large-drop wavelform 1s at a second time
interval T, relative to the corresponding endpoint of the large-
drop wavelorm; and where the second time interval T, 1s
different from the first time interval T, . The second large-drop
wavelorm has a drop forming pulse having a centroid at a
third time interval T; relative to the corresponding endpoint of
the second large-drop waveform. The third time 1interval T, 1s
different from the second time interval T,.

In some embodiments of the invention, the set of wave-
forms used for printing can include a first small-drop wave-
form and a second small-drop wavetorm and a large-drop
wavelorm. The second small-drop wavetorm has a period
equal to the period of the first small-drop wavetform, the
second small-drop wavelform including a small-drop volume-
control pulse. The wavelorm of the second small-drop wave-
form 1s distinct from the wavelorm of the first small-drop
wavelorm. The centroid 186 of the drop forming pulse of the
first small-drop wavetorm 1s at a first time interval T, relative
to the predetermined one of the starting endpoint and the
trailing endpoint of the small-drop wavetorm, centroid 186 of
the drop forming pulse of the second small-drop waveform 1s
at a third time 1nterval T, relative to the corresponding one of
the starting endpoint and the trailing endpoint of the second
small-drop wavetorm and the centroid 186 of the drop form-
ing pulse of the large-drop waveform 1s at a second time
interval T, relative to the corresponding starting endpoint and
the trailling endpoint of the large-drop waveform.

Similarly in some embodiments of the invention the set of
wavelorms used include a first small-drop waveform and a
second small-drop wavetorm and a large-drop wavelorm. The
second large-drop waveform has a period equal to the period
of the first large-drop wavelorm, the second large-drop wave-
form including a large-drop volume-control pulse. The wave-
form of the second large-drop wavetorm 1s distinct from the
wavelorm of the first large-drop waveform. The centroid 186
of the drop forming pulse of the first large-drop wavetorm 1s
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at a first time 1nterval T, relative to the predetermined one of
the starting endpoint and the trailing endpoint of the first

large-drop wavelorm and the centroid 186 of the drop form-
ing pulse of the second large-drop wavelorm 1s at a second
time interval T, relative to the corresponding one of the start-
ing endpoint and the trailing endpoint of the second large-
drop wavetorm, and the centroid of the drop forming pulse of
the small drop waveform 1s at a third time interval relative to
the corresponding one of the starting endpoint and the trailing,
endpoint of the small-drop wavetform. The use of multiple
large-drop waveforms or multiple small-drop waveforms
provides more flexibility 1 terms of the amount of 1nk that
can be printed on a pixel.

The 1nvention has been described 1n detail with particular
reference to certain preferred embodiments thereof, but 1t will
be understood that variations and modifications can be
elfected within the spirit and scope of the invention.

PARTS LIST

20 Continuous Printer System

22 Image Source

24 Image Processing Unit

26 Mechamism Control Circuits

27 Drop Formation Waveforms

28 Drop Forming Mechanism

30 Printhead

32 Recording Medium

34 Recording Medium Transport System
36 Recording Medium Transport Control System
38 Micro-Controller

40 Reservoir

42 Catcher

44 Recycling Unait

46 Pressure Regulator

4’7 Channel

48 Jetting Module

49 Nozzle Plate

50 Plurality of Nozzles

51 Heater

52 Liquid

34 Drops

36 Drops

57 Trajectory

38 Drop Stream

60 Gas Flow Detlection Mechanism
61 Positive Pressure Gas Flow Structure
62 Gas Flow

63 Negative Pressure Gas Flow Structure
64 Detlection Zone

66 Small Drop Trajectory

68 Large Drop Trajectory

72 First Gas Flow Duct

74 Lower Wall

76 Upper Wall

78 Second Gas Flow Duct

82 Upper Wall

84 Seal

86 Liquid Return Duct

88 Plate

90 Front Face

92 Positive Pressure Source

94 Negative Pressure Source

96 Wall

98 Wavelorm Source

100 Small-drop Wavetorm

102 Drop forming Pulse
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104 Leading edge

106 Centroid

108 Trailing Edge

110 Large-Drop waveform
112 Drop Forming Pulse

114 Leading edge

116 Centroid

118 Trailing Edge

120 Large-Drop Wavelorm
122 Drop-Forming Pulse
124 Leading edge

126 Centroid

128 Trailing Edge

130 Endpoint

140 Small-Drop Waveform
142 Drop-Forming Pulse
144 [eading edge

146 Centroid

150 Large-Drop Wavelorm

152 Drop-Forming Pulse
154 Leading edge

156 Centroid

160 Large-Drop Wavelorm
162 Drop-Forming Pulse
166 Centroid

168 Trailing Edge

170 Large-Drop Wavelform
172 Drop-Forming Pulse
176 Centroid

178 Trailing Edge

180 Large-Drop Wavelorm

182 Drop-Forming Pulse
184 Leading edge

186 Centroid
188 Trailing Edge
190 Large-Drop Wavelorm

192 Drop-Forming Pulse
194 Leading edge

196 Centroid
198 Trailing Edge
The invention claimed 1s:

1. A method for operating a jetting module comprising;
providing a jetting module including a nozzle and a drop

forming mechanism;

providing a liquid to the jetting module under pressure

suificient to cause a liquid stream to jet from the nozzle;

providing a small-drop waveform, the small drop wave-

form having a starting endpoint and a trailing endpoint,
the small-drop wavetorm having a small-drop period X
equal to the time between the starting endpoint and the
trailing endpoint of the small-drop wavetform, the small-
drop wavelorm including a small drop volume-control
pulse, the small-drop volume-control pulse of the small-
drop volume-control pulse having centroid, the centroid
of the small-drop volume-control pulse being at a first
defined time relative to a predefined one of the starting,
endpoint and the trailing endpoint of the small-drop
wavelform;

providing a large-drop wavetorm, the large-drop wavetform

having a starting endpoint and a trailing endpoint, the
large-drop waveform having a large-drop period X,,
where X, =N*X .and N 1s an integer greater than one, the
large-drop waveform including a large-drop volume-
control pulse, the large-drop volume-control pulse hav-
ing centroid, the large-drop wavetform having a corre-
sponding endpoint that corresponds to the
predetermined endpoint of the small-drop wavetorm:;



US 8,801,129 B2

19

wherein the centroid of the large-drop volume-control
pulse being at a second defined time relative to the
corresponding one of the starting endpoint and trailing
endpoint of the large-drop waveform, the second defined
time being different from the first defined time;

applying to the drop forming mechanism a sequence of
drop formation waveforms in which:

applying a small-drop wavetform after another i1dentical

small-drop wavetform causes a small drop of volume Vs
to be formed;
applying a small-drop waveform after a large-drop wave-
form causes a small drop of volume Vs2 to be formed,
where V., 1s not equal to V;

applying a large-drop waveform after another i1dentical
large-drop wavetorm causes a large drop of volume VL
to be formed, where V,~N*Vs; and

applying a large-drop waveform after a small-drop wave-

form causes a large drop of volume VL2 to be formed,
where V, , 1s not equal to V.

2. The method as in claim 1, wherein the relationship
between the small drop volume V ., and the small drop vol-
ume V. 1s given by IV ,—V J 1s between 0.03*V .and 0.3*V ..

3. The method as in claim 2, wherein the relationship
between the small drop volume V., and the small drop vol-
ume V. 1s given by IV .-V 1s between 0.05%V .and 0.3%V .

4. The method as in claim 3, wherein the relationship
between the small drop volume V ., and the small drop vol-
ume V15 given by |V ,—V | 1s between 0.1*V . and 0.3%V .

5. The method of claim 1 wherein a plurality of sets of
small-drop wavelorms and large-drop wavelorms are
defined, each set of defined waveforms producing different
print drop volumes, and one set of wavelorms 1s selected and
employed based at least 1in part on the desired print drop
volume.

6. The method of claim 1 wherein a plurality of sets of
small-drop wavelorms and large-drop wavelorms are
defined, each set of wavelorms producing different print drop
volumes, wherein one set of the wavetorms sets 1s stored on
the jetting module, the stored wavelform set being selected
based at least 1n part on the tlow rate of ink through the jetting,
module nozzle.

7. The method of claim 1 the nozzle of the jetting module
1s a nozzle 1n an array of nozzles on the jetting module
wherein one set of small-drop wavetorms and large-drop
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wavelorms 1s used to create drops from a first portion of the
nozzle array, and a second set of small-drop wavetforms and
large-drop wavetforms 1s used to create drops from a second
portion of the nozzle array, the first and second sets of wave-
forms being selected to reduce the coverage variations across
the nozzle array.

8. The method of claim 1 wherein the large-drop waveform
comprises a plurality of pulses, one of which 1s the large-drop
volume-control pulse.

9. The method of claim 1 wherein the small-drop waveform
comprises a plurality of pulses, one of which 1s the small-drop
volume-control pulse.

10. The method of claim 1, wherein the predefined end-
point comprises the trailing endpoint of the waveform.

11. The method of claim 1, wherein the predefined end-
point comprises the starting endpoint of the waveform.

12. The method of claim 1 wherein the large-drop wave-
form comprising a first large-drop wavetorm and the method
turther comprising providing a providing a second large-drop
wavelorm that causes the liquid stream to break up to form a
large-volume drop, the second large-drop waveform having a
period equal to the period of the first large-drop waveform,
the second large-drop waveform including a large-drop vol-
ume-control pulse, wherein the waveform of the second
large-drop wavetorm 1s distinct from the wavetform of the first
large-drop waveform.

13. The method of claim 12 wherein the second large-drop
wavelorm has an endpoint that corresponds to the predefined
endpoint of the small-drop wavetorm, the large-drop volume-
control pulse of the second large-drop waveform 1s pulsed at
a third defined time relative to the corresponding endpoint of
the second large-drop wavetorm, the third defined time 1s
different from the second defined time.

14. The method of claim 1 wherein the small-drop wave-
form comprises a first small-drop wavelform, the method fur-
ther comprising providing a second small-drop waveform
that causes the liquid stream to break up to form a second
small-volume drop when applied to the drop forming mecha-
nism, the second small-drop wavetform including a small-
drop volume-control pulse, the second small-drop wavetform
having a period that equals the period of the first small-drop
wavelorm, the second small-drop waveform being distinct
from the first small-drop wavetform.
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